Fe-Mn binary oxide flower-like three-dimensional nanostructure synthesized from a hydrothermal procedure was used to remove arsenic (As) from aqueous solution. The samples were characterized with X-ray diffraction (XRD), scanning electron microscopy (SEM) and Fourier-transform infrared spectrometry (FTIR). SEM images revealed that the Fe-Mn binary oxide was dispersed as flower-like spheres with a diameter of 500 À 800 nm and the width of the petals was 20 À 30 nm. Sorption of the As to the Fe-Mn binary oxide reached equilibrium in less than 180 s, which is much faster than pure The Fe-Mn binary oxide nano-flowers are a potential highly efficient nanomaterial for removal of
INTRODUCTION
Arsenic (As) is a metalloid, and is well known as one of the most toxic metals in the environment (Mandal & 
; Singh et al. ).
Among the above-mentioned technologies, adsorption has been deemed to be the best available technology for As removal due to its advantages of being technically simple, and having excellent regeneration potential and sludge free operation properties (Dambies ). Thousands of As adsorbents e.g., activated carbon, agricultural products, oxides, and biosorbents have been employed to remove As from drinking water (Mohan & Pittman ) .
Among all these As adsorbents, the iron oxides like ferrihydrate, goethite, and amorphous ferric oxide are the most common adsorbents for As contaminants. However, iron oxides are not stable in aqueous solutions with high concentrations of acid. Moreover, among all the fractions of As that occur naturally in water, as the removal of As(III) is less effective relative to As(V), it is necessary to convert As(III) into As(V) prior to adsorption in order to achieve a greater removal of As. Some studies have emphasized that manganese dioxide (MnO 2 ) is a common and efficient oxidizing agent for As(III) because the low adsorption capacity of MnO 2 is mainly attributed to its negative zeta potential, and low surface-to-volume ratio (Oscarson et manganese binary oxide has been developed as a novel As adsorbent, and the amorphous Fe-Mn binary oxide with high adsorption capacity for As using the co-precipitation method has been fabricated (Zhang et al. a, ) .
The amorphous Fe-Mn binary oxide has a high surface-tovolume ratio, however, slow removal kinetics have been found. In order to enhance the surface-to-volume ratio, the adsorbents are usually prepared as nanoparticles because this produces small particle sizes with high capacity.
Recent studies suggest that many nanosized metal oxides remove As from water systems effectively and thoroughly (Mohan & Pittman ; Hua et al. ) . However, it is difficult to separate the nanoparticles from the aqueous system after adsorption has occurred. Usually, there are three methods to overcome this defect. First, magnetism is 
MATERIALS AND METHODS

Materials
The chemicals used in this study were all of analytically pure grade and no further purification was performed prior to use. All sample solutions were prepared with deionized water. MnSO 4 ·H 2 O, Fe (NO 3 ) 3 ·9H 2 O, and K 2 S 2 O 8 were all purchased from Beijing Zhong Bai Chemicals Co., Ltd.
An As(III) stock solution was prepared by dissolving As trioxide (As 2 O 3 ) in 1 M hydrochloric acid. All glassware was cleaned by soaking in 15% HNO 3 before use. In all experiments, the initial pH of the solution was adjusted to a certain value by using 0.10 M HCl or 0.10 M NaOH.
Synthesis of Fe-Mn binary oxide nanoflowers
The method of synthesizing Fe-Mn binary oxide nanoflowers was modified based on a previous study (Yu et al. ) . In a typical procedure, MnSO 4 ·H 2 O (0.6830 g), Fe(NO 3 ) 3 ·9H 2 O (1.6406 g), K 2 S 2 O 8 (1.0868 g) and 4 mL of concentrated sulfuric acid were mixed in 76 mL of deionized (DI) water and stirred with a magnetic stirrer for 10 min to form a homogeneous solution at room temperature. Then the solution was transferred to a Teflon-lined stainless steel autoclave (100 mL) of 80% capacity of the total volume and loaded into an oven preheated to 110 W C for 6 h. The autoclave was allowed to cool to room temperature naturally. The precipitates were collected, washed with DI water and absolute ethanol, respectively, several times to remove impurities, and then dried at 60 W C for 8 h, cooled down in air. The pure MnO 2 and iron oxides were prepared by the above method, except that the Fe(NO 3 ) 3 ·9H 2 O and MnSO 4 ·H 2 O, respectively, were absent.
Characterization of Fe-Mn binary oxide nanoflowers
Scanning electron microscopy (SEM) was used to document surface morphologies using a H-7500 (JEM-1230HC, JPN).
The crystal forms of materials were measured with a Rigaku-TTRIII X-ray diffractometer (Shimadzu X-ray, Japan). The IR-spectrum was carried out with a Perkin Elmer Spectrum 65 (USA). The zeta potential of the nanoflowers was measured at various pH values with a DELSA 440SX (USA).
The effect of pH on As removal
The adsorption of As was measured in a batch experiment where 0.01 g sorbent and 50 mL test solution were shaken in a polythene bottle at a speed of 140 rpm for 10 min at room temperature. After 10 min, the sorbent was collected by centrifugation. The concentration of As was analyzed with an atomic fluorescence spectrometer (Jitian, China).
The As removal efficiency was calculated using Equation (1):
C 0 and C f are the initial and final concentrations of the As, respectively.
The influence of pH on the As removal experiment was investigated using this process, except that the pH was adjusted with 0.10 M HCl or 0.10 M NaOH to the desired pH.
Sorption capacity
The sorption capacity of the adsorbent for As was measured using the same process as our previous work (Peng et al.
), except that the initial As concentration varied between 0.05, 0.50, 1.00, 20.00 and 60.00 mg/L.
Sorption kinetics
The kinetics of metal sorption were performed as in our pre- 
RESULTS AND DISCUSSION
Characterization of Fe-Mn binary oxide nanoflowers
The SEM images of the as-prepared Fe-Mn binary oxide are shown in Figure 1((a)-(c) ). The Fe-Mn binary oxide nanoflowers were aggregated as a sphere with a diameter of 500-800 nm, and the width of the petal was 20-30 nm. It can be seen that this nanoflower structure has a high surface-to-volume ratio.
A powder X-ray diffraction (XRD) pattern of the resulting product is shown in Figure 1 The zeta potentials of the as-prepared Fe-Mn binary oxide, MnO 2 and iron oxide were measured at varied pH values and are shown in Figure 3 . The pH PZC of the Fe-Mn binary oxide was 7.10, which was higher than that of pure MnO 2 (∼4.8),
and lower than that of iron oxide (8.2). It is implied that the Fe-Mn binary oxide would have a high ability to adsorb As when the pH < 7.10. However, the zeta potential of the Fe-Mn binary oxide was relatively low (<2.0 mV) in an acid environment.
Sorption kinetics
The sorption dynamics of As to Fe-Mn binary oxide were eval- 
where R e and R t are the removal efficiency at equilibrium and at time t, respectively, And k 2 is the rate constant of pseudosecond-order sorption (0.13 min
À1
). The highest removal rate R e ¼ 100, R 2 ¼ 0.99 occurred with 1.0 mg/L As. The removal rate of 20.00 mg/L As is as rapid as that of 1.00 mg/L.
The rapid sorption kinetics are likely due to the iron oxide, because the pure α-MnO 2 nano-needles prepared with a similar method have a low adsorption rate to As, as shown in Figure 4 . The As(III) sorption process of MnO 2 is divided into two parts; firstly, the As(III) is oxidized to As(V) and then it is adsorbed by the iron oxide and manganese dioxide.
The iron oxide increases the adsorption rate. However, some other amorphous iron manganese binary oxides, prepared with coprecipitation, have slow adsorption kinetics. It is implied that the perfect crystalline structure of the Fe-Mn binary oxide described in this paper has a higher oxidization ability than that of an amorphous structure.
Effect of pH
The effect of pH on the adsorption of As ions onto Fe-Mn binary oxide is shown in Figure 5 , where 10.0 mg Fe-Mn binary oxide was utilized to adsorb 1.00 and 20 mg/L As in 50 mL solution.
The results showed the highest removal efficiency of As at pH and pure α-MnO 2 (As of 1.0 mg/L), the pseudo-second-order sorption kinetics curves were fitted with these data. the As(III) to As(V) and then adsorb As(V) on the surface of the material (Zhang et al. b) . When the pH is higher than the pH PZC of Fe-Mn binary oxide (∼7.10), the surface of the FeMn binary oxide is negative and has a weak interaction with the As anion. When the solution pH is lower than the pH PZC of Fe-Mn binary oxide, the surface of the Fe-Mn binary oxide is positive and has a strong interaction with the As ion, because the As acid forms as H 2 AsO 4 À and so it increases the removal efficiency of the As at the low pH. However, when the solution pH is lower than 2, the As acid is H 3 AsO 4 in water and this decreases the removal efficiency.
Effect of temperature
The 10.00 mg Fe-Mn binary oxide was added to 50 mL solution with 1.00 mg/L As and oscillated for 5 min at different temperatures. The plot of removal efficiency as a function of temperature is shown in Figure 6 . It was revealed that the removal efficiency of As decreases as the temperature increases from 20 to 70 W C. It is indicated that the removal efficiency depends on the temperature. It may be attributed to the fact that high temperature disrupts the interaction of As and Fe-Mn binary oxide.
Thermodynamic studies
The uptake of As by the Fe-Mn binary oxide decreases on raising the temperature confirming the exothermic nature of the adsorption step. The change in standard free energy (△G 0 ), enthalpy (△H 0 ) and entropy (△S 0 ) of adsorption is calculated from the following Equation (3):
where R is the gas constant, K C the equilibrium constant and T the temperature in K. The K C value is calculated from Equation (4):
where C A and C S are the equilibrium concentrations of dye ions in adsorbent (mg L À1 ) and in the solution (mg L À1 ), respectively. Standard enthalpy (△H ) and entropy (△S), of adsorption can be estimated from the van 't Hoff equation
given in Equation (5):
The slope and intercept of the van 't Hoff plot is equal to À△H/R and △S/R, respectively (Giles et al. ) . The van 't
Hoff plot for the adsorption of As onto Fe-Mn binary oxide is given in Figure 7 . Thermodynamic parameters obtained are summarized in Table 1 . From confirms the exothermic nature of the adsorption process. 
CONCLUSIONS
Flower-like three-dimensional nanostructure Fe-Mn binary oxide was prepared using a hydrothermal procedure, and its properties for removal of As from aqueous solution were investigated. SEM images revealed the Fe-Mn binary The effect of temperature revealed that the adsorption of the As is exothermic, but the adsorption is decreased as temperature increases from 20-70 W C. The Fe-Mn binary oxide was able to remove 100% of As in water at pH 4.0-6.0, and this adsorbent was stable in solution with low pH. The Fe-Mn binary oxide nanoflower is a potential highly efficient nanomaterial for removal of As from water.
